A large-apex-angle intracavity axicon combined with control of the cavity length enabled production of both azimuthally and radially polarized beams.
. Geometrical ray-tracing diagram of the hemispherical cavity. 5 The thicknesses of the axicon and crystal are enlarged to show the ray tracing. When the curved mirror is at position Z o , the ordinary rays (o-rays) form an azimuthally polarized laser beam. With the mirror at Z e , the extraordinary rays (e-rays) form a radially polarized beam.˛: Apex angle of the axicon.
To generate an off-axis laser, we chose a hemispherical cavity design from a report by Wu. 6 In a typical hemispherical cavity, all oblique rays from the center of the hemisphere are normally incident to a curved mirror, and rays repeat the path after two round trips. Inserting an axicon into the cavity creates a unique oblique path for generating the laser (see Figure 1 ). Only at that specific oblique incidence at the surface of the axicon does the beam have normal incidence on the curved mirror and thereby satisfy the self-consistency condition of the laser cavity.
Use of a birefringent laser crystal induces distinct paths for the ordinary and extraordinary rays, and distinguishing these rays is the main mechanism by which radially and azimuthally polarized cylindrical vector beams are generated. When the ordinary rays satisfy the self-consistency condition, they form an azimuthally polarized beam as shown in Figure 1 . When the curved mirror is tuned to point Z e , the extraordinary ray survives instead, forming a radially polarized beam. Thus, the
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large-apex-angle axicon characterizes and stabilizes the generation of off-axis patterns, distinguishing distinct paths between the ordinary and extraordinary rays and forming a specifically polarized beam.
The azimuthally polarized pattern of a c-cut neodymiumdoped yttrium vanadate (Nd:YVO 4 ) laser under various polarization conditions is shown in Figure 2 . In the absence of a polarizing filter, the laser had a multilobe ring pattern: see Figure 2 (a). Adding the polarizer caused the part of the pattern parallel to the direction of the polarizer to disappear: see Figure 2(b-d) . Consequently, the laser beam was azimuthally polarized. Tuning the output coupler to increase the cavity length caused the polarization to transform from azimuthal to radial. Figure 3 displays the radially polarized pattern, in which the part of the pattern in the direction perpendicular to the polarization angle disappears. The degree of polarization was measured to be 94%˙3:7% and 95:4%˙2:6% for the radially and azimuthally polarized beams, respectively. Moreover, when the axicon was moved toward the curved mirror (the output coupler), the pattern transformed from a ring to an arc. Azimuthally and radially polarized arc beams existed for specific cavity lengths. To summarize, the distance between the crystal and the axicon determined the pattern type (ring or arc), and the cavity length determined the type of polarization with these hemispherical cavity configurations.
In summary, radially and azimuthally polarized lasers that comprise off-axis modes can be achieved using a large-apexangle intracavity axicon in a hemispherical configuration. The beams can be transformed from one polarization to the other by slightly tuning the cavity length. In addition to investigating the generation mechanism of these cylindrical vector beams, 7 we are currently studying their dynamics and the formation of patterns in them. These patterns are relevant to in-depth explorations of tight focusing, which is critical in various applications of the technology.
